We have observed emission in the three lowest rotational transitions of the optically thin species C 18 O and the dust continuum emission at three millimeter/submillimeter wavelengths. By employing the proper combination of the intensities of the three lowest rotational transitions of C 18 O, we can obtain the total molecular column density with relatively little sensitivity to density and temperature variations along the line of sight. We use the line and continuum data to determine column densities of the dust and gas across three Giant Molecular Cloud cores. We nd that two of the three sources, M17 and Cepheus A, have the same gas column density to dust optical depth ratio, given by log N(C 18 O )/ (790 m)] = 18.8. In the third source, the Orion Molecular Cloud, the gas to dust ratio is typically a factor of three lower than in the other two sources. The gas to dust ratio shows only a small (factor 3) variation across the region of M17 that we have mapped, and a comparable reduction at the center of Cepheus A relative to the cloud edge. We have good evidence for the correlation of the continuum emission in di erent bands for the Orion Molecular Cloud, and nd the frequency dependence of the optical depth in the densest regions near the embedded sources to be given by / 1:9 . For positions away from the embedded sources there is a larger scatter in the data points, with a suggestion that the frequency-dependence is steeper, such that / 2:4 . This may be an indication of a change in the grain properties between less dense and very dense regions, and is consistent with the results of grain growth. Using standard values for the fractional abundance of C 18 O relative to H 2 , the mean densities of the cloud cores are 3 -5 10 4 cm ?3 . These regions appear to be close to virial 1 equilibrium. The dense gas (revealed by multiple transition studies of tracers such as CS and HC 3 N to have n(H 2 ) ' 10 6 cm ?3 ) has a volume lling factor of a few percent.
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Assuming a fractional abundance of C 18 O equal to 1.7 10 ?7 , we nd that the 790 m dust optical depth to mass column density ratio for M17 and Cepheus A is 0.0062 cm
Introduction
Probing the internal structure of molecular clouds is of importance for unraveling their kinematics, tracing the ne scale mass distribution that may reveal their constituent parts, and elucidating how star formation takes place within them. To probe the internal structure of molecular clouds accurately, we must have a probe which is (1) optically thin, so that it can sample all the material along the line of sight; (2) unbiased, so that material in regions with different physical conditions is treated equally, and (3) amenable to calibration, so that we can accurately convert intensities into mass and density. This is a demanding set of requirements, and no single tracer ful lls them all perfectly. The development of the millimeter to submillimeter wavelength region in terms of telescopes and detectors now allows the investigation of several plausible candidates. The two most promising among these are (i) millimeter -submillimeter spectral line emission from the relatively abundant and chemically stable species C 18 O, which is largely optically thin in warm cores with temperature 30 K, and (ii) submillimeter continuum emission from dust grains. Each of these approaches has its positive and negative features.
C 18 O emission is generally agreed to avoid the optical depth problems that beset the more abundant isotopomers 12 CO and 13 CO. It has rotational energy levels that are relatively easily populated at the temperatures and densities characteristic of dense molecular clouds, and so should be a relatively unbiased tracer. However, there are questions about its excitation and conversion from line intensity to total molecular column density, as well as issues related to possible variations in its fractional abundance. The very limited observational data available give a ratio of carbon monoxide to molecular hydrogen of 2:7 10 ?4 implying that approximately 1/3 of all carbon is in the form of gas phase CO (Lacy et al. 1994) . Available evidence suggests that the abundance of C 18 O relative to that of H 2 is a constant for visual extinction, A v , greater than a few magnitudes, and consistent with this fraction of carbon being in gas phase CO. Nevertheless, depletion of carbon monoxide onto dust grains at higher densities, and a consequent reduction in its gas phase abundance has been suggested (Mezger et al. 1987 (Mezger et al. , 1988 .
Emission from dust grains o ers real potential for satisfying the requirements for a cloud structure tracer given above. Dust is a significant constituent of the interstellar mediumapproximately one percent by mass, and there is reasonable evidence that the dust to hydrogen density ratio is constant in regions of moderate density and column density (cf. Bohlin, Savage, & Drake 1978) . The situation for regions of greater extinction and higher density is much less clear, inasmuch as direct calibration of dust opacity or column density versus that of hydrogen is extremely di cult. Calibration of the dust continuum emission is rendered imprecise by the fact that with submillimeter data alone, it is very di cult to derive an accurate temperature for the dust grains, and in consequence the optical depth is uncertain. It is also quite likely that a considerable range of dust temperatures is present especially along lines of sight including heating sources such as HII regions or embedded young stellar objects. Furthermore, as reviewed recently by Gordon (1995) , the conversion of optical depth to dust column density has a considerable uncertainty, and may well vary from source to source.
It thus seems appropriate to study both of these tracers. In this paper we present observations of three giant molecular cloud (GMC) cores which we have observed in lines of C 18 O and dust continuum emission, as described in the following section. In x3 we give the techniques employed for analyzing the data from these two tracers, with particular emphasis on the use of multitransition observations of C 18 O. In x4 we speci cally discuss the gas to dust ratio. In x5 we discuss the implications of our results for determining cloud mass, structure, and virial equilibrium. We summarize our results in the nal section.
Observations
We obtained data on the C 18 O J = 1 ! 0 transition with the the 13:7m telescope of the Five College Radio Astronomy Observatory 1 in New Salem MA, using the QUARRY 15-element focal plane array (Erickson et al. 1992 ), in 1991. We observed the C 18 O J = 2 ! 1 and J = 3 ! 2 transitions with the Caltech Submillimeter Observatory 10:4m Leighton telescope on Mauna Kea HI, with single-pixel SIS receivers in 1991 and 1992. The antenna beam sizes and main beam e ciencies are given in Table 1 . The continuum observations were also carried out at the CSO in several observing sessions in 1992 and 1993. Cones de ning a nominal 30 00 beam were used with lters at nominal wavelengths of 1100 m, 790 m, and 450 m (cf. Lis, Carlstrom, & Keene 1991) . The measured beam width was 31 00 at the longest wavelength and 30 00 at the two shorter wavelengths. The antenna aperture e ciency was not measured di- 
C 18 O Lines
Maps of the integrated intensities of the three transitions observed in the Orion Molecular Cloud and M17 are shown in Figs. 1 and 2, which present the data at their original angular resolutions given in Table 1 . The two transitions observed in Cepheus A are shown in Fig. 3 . A general discussion of these cloud cores and references for embedded sources can be found in Bergin et al. (1996) .
Dust
We observed all three sources at 790 m, and were, in addition, able to obtain maps of the Orion Molecular Cloud at 1100 m and 450 m wavelength. In Fig. 4 we show the 1100 m map of Orion together with the 3:1 mm radio continuum data from Salter et al. 1989 . The issue of the free-free contamination of the dust The data have been corrected for the telescope main beam coupling e ciencies given in Table 1 emission will be discussed in Section 3.2. The peak and integrated continuum uxes measured for the Orion Molecular cloud are given in Table  2 , while for the other sources are given in Table  3 . The integrated ux densities were computed by summing over the total extent of the regions mapped. For the Orion Molecular Cloud the dimensions (in R.A. by decl.) were approximately 12 0 by 12 0 , for Cepheus A, 6 0 .75 by 10 0 , and for M17 10 0 by 9 0 .25.
In Fig. 5 we show maps at three wavelengths of the continuum emission from the Orion Molecular Cloud. The longest-wavelength map has the free-free emission subtracted, with the result that the emission shown in all three panels is essentially thermal emission from dust grains. In Figs. 6 and 7 we show the 790 m maps of the continuum emission from M17 and Cepheus A. These gures present the data at the original angular resolution of approximately 30 00 .
Analysis of Gas and Dust Emission and Results

C 18 O Emission
The three critical issues that must be addressed in order to determine the gas column density are (1) to ascertain that emission in a transition of C 18 O can directly be converted to column density in the upper level of the observed transition, i.e. that the optical depth is small, (2) to calculate the fraction of the total C 18 O column density that is in the upper levels of the observed transition or transitions, and (3) to determine or adopt a fractional abundance of C 18 O in order to determine total H 2 gas column density along a particular line of sight. In this section we discuss the rst two of these questions, while the third will be dealt with as part of the discussion of cloud mass and the gas to dust ratio.
The optical depth of C 18 O is di cult to determine directly, since its transitions have no hyper ne structure, but several indirect methods suggest that the transitions we have observed are optically thin. The rst of these is comparison of a given transition of C 18 O with the corresponding transition of 13 CO . Assuming that the two Fig. 4 .| Comparison in the Orion Molecular Cloud of 3.1 mm continuum emission (shaded), which is essentially free-free emission, with 1100 m emission (contours) which is dominated by thermal emission from dust grains. The shading starts at a level of 0.2 Jy and the peak 3.1 mm ux density is 7.6 Jy. The contour levels for the 1100 m emission are 3, 7, 10, 20, 30, 40, 50, 60, 80, 100, 120, 140,160, and 180 Jy.
The triangle denotes the position of the BN/KL object, the square identi es the Orion 1: 0 5 South source, the star locates the star 1 C Ori in the Trapezium cluster, and the circle locates the star 2 A Ori in the Orion bar. Both maps were obtained with beam sizes ' 30 00 . Figure 1 , the triangle denotes the position of the BN/KL object, the square identi es the Orion 1: 0 5 South source, the star locates the star 1 C Ori in the Trapezium cluster, and the circle locates the star 2 A Ori in the Orion bar. The 1100 m contours are at the 3, 7, 10, 20, 30, 40, 50, 80, 100, 120, 140, 160, and 180 Jy level, the 790 m contours are at the 15, 30, 60, 90, 120, 150, 225, 300, 375, 450, and 525 Jy level, while those for 450 m are at the 150, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, and 2000 Jy level.
The free-free emission scaled to the wavelength of the 1100 m map has been subtracted from this map. have equal excitation temperatures, the ratio of the observed intensities for a given actual isotopic abundance ratio gives us a good estimate of the optical depths. In Fig. 8 (1992) . From these data we determine that the peak 13 CO brightness temperatures at the positions in Fig. 8 Penzias (1980) , the expected 13 C 16 O]= 12 C 18 O] ratio is 11.5, and almost certainly lies between 6 and 15. The peak optical depth of the J = 2 ! 1 C 18 O transition is therefore 0.4, assuming equal excitation temperatures for the two isotopomers, and that the emission lls the telescope beams in question. This limit is only very weakly dependent on the isotopic abundance ratio, and provides reasonable con dence that the C 18 O emission is not signi cantly a ected by optical depth e ects. The most likely explanation for the relative weakness of the 13 CO lines relative to those of 12 CO is the substantial temperature gradients along the line of sight produced by the heating of the front face of the cloud by the HII region and its exciting source (cf. Padman et al. 1985 , Bergin et al. 1994 , or heating of the external surfaces of clumps by the same source (Tauber & Goldsmith 1992 Flower & Launay (1985) . As discussed by Goldsmith et al. (1993) , the relatively small di erences between various calculated collision rate coe cients do not appreciably a ect either the line intensities or the ratio of the intensities of di erent lines. The results for the three lowest transitions at a kinetic temperature of 20 K are shown in Fig. 9 . We see that for n H 2 5 10 3 cm ?3 the expected excitation temperature of the J = 2 ! 1 transition exceeds the peak observed brightness temperature. The density in the central regions of GMC cores is almost certainly at least this large (cf. Bergin et al. 1996 and the conclusions presented here in x5.1 and x5.2). In addition, the kinetic temperature in these regions is somewhat higher than 20K, which results in a greater degree of excitation for a given molecular hydrogen density.
Thus, the relative weakness of the C 18 O emission strongly suggests that it is optically thin, and that we can neglect radiative transfer e ects in determining the total C 18 O column density.
With the assumption of optically thin emission, and that the excitation temperatures of all transitions are greater than the background temperature, the integrated brightness temperature of each transition directly gives the column density in the upper level, N u , of the transition observed. This is expressed through the relation To evaluate the correction factor, we have used the statistical equilibrium calculations referred to above and determined the fraction of the total C 18 O column density that would be in the upper levels included in the transitions observed. Note that even if all transitions were to be observed, the population of the J = 0 level would still have to be estimated from a calculation of this sort. In Fig. 10 we show the correction factor when the J = 1 ! 0 and J = 2 ! 1 transitions have been observed. The correction factor is relatively large at low densities because a large fraction of the total molecular population is in the J = 0 state, and is greatest at the lowest kinetic temperatures since the fraction in the ground state is high under these conditions. The CF drops at intermediate hydrogen densities, 3 log(n H 2 ) 4, as this range of densities maximizes the combined fractional population of the J = 1 and J = 2 states. The CF rises again for log(n H 2 ) 4.5, because the population of the higher-J states increases as LTE is reached. The CF in this situation is greatest at the highest kinetic temperatures, since these produce the largest fractional population of states with J 3.
The correction factor for the three lowest rotational transitions observed is shown in Fig. 11 . The CF for low densities is not substantially different than for the case of two transitions observed, but the correction factor for high densities, and thus the total range of CF, is much reduced by inclusion of the J = 3 in the sum in the denominator of equation 2. Particularly for warmer regions, the variation in CF with density is signi cantly smaller, emphasizing the value of observing higher transitions.
The relatively small range of variation of the correction factor for conditions likely to be of relevance in GMCs is impressive. In particular, we see that for log(n H 2 ) 3.5, and for the three lowest transitions observed, there is negligible dependence of the CF on n H 2 . This is an extremely fortunate situation inasmuch as there is every reason to expect that there are large variations in density along the line of sight through these GMCs. The range of densities results from a combination of large-scale gradients between the bulk of GMCs the cores, and small-scale density variations which are generally called clumpiness. Evidence for density inhomogeneities exists in the form of direct evidence of small-scale structure , Mundy et al. 1988 , Stutzki & G usten 1989 as well as multitransition studies of di erent molecules which indicate that a range of densities is present along many lines of sight (cf. Snell et al. 1994 , Dutrey et al. 1993 , Bergin et al. 1996 .
However, the sensitivity of the correction factor to temperature is signi cant. It is thus important to determine what temperature best characterizes the C 18 O along a given line of sight. There is evidence that the 12 CO emission emphasizes a thin layer on the front of the Orion Molecular Cloud which is heated by radiation from the foreground HII region M42. M17 and Cepheus A have di erent geometries, but it appears desirable in all cases to utilize a temperature tracer which samples material along the line of sight coextensive with the C 18 O . A previous study (Bergin et al. 1994) We have, in consequence, used the kinetic temperatures derived as a function of position from CH 3 CCH in all three of the sources studied, to determine the correction factors for the C 18 O emission. The temperature structure in each cloud, as traced by CH 3 CCH, is quite similar. Gas temperatures are highest near the known star forming sites and exhibit a regular decline with distance away from the exciting sources (see Bergin et al 1994) . We used an analytical t to the temperatures as a function of the distance,r , from the central source (in minutes of To obtain the column densities we have con- volved the data for the J = 2 ! 1 and J = 3 ! 2 transitions to 50 00 angular resolution to correspond to the angular resolution of the J = 1 ! 0 data, and resampled these maps on the same grid. We have corrected for the main beam e ciencies given in Table 1 . For each pixel in each map the upper level column density was computed, and the total C 18 O column density determined by use of the correction factors and the gas temperature structure as discussed above. The resulting C 18 O column density distribution for each source are given in Figs. 13, 14, and 15, along with the dust optical depth maps which are discussed in the following section. With multiple transitions of C 18 O available, we can attempt to obtain detailed information about the density structure of the cloud, but due to possible line of sight variations resulting from e.g. clumping, this is an involved undertaking and the results are deferred to a separate paper ( Goldsmith, Bergin, & Lis 1997) .
Assuming that the C 18 O emission is optically thin, we do measure all of the upper level column densities from J = 1 to 3 along the line of sight according to equation 1. The dominant uncertainty in determining the total C 18 O column density is thus associated with the correction factor. We have indicated in preceding discussion that the CF, derived from the range of densities determined by other studies and CH 3 CCH?derived temperatures, bounds the correction factor to a fairly small range. We should consider the possibility that physical conditions are not correctly (or completely) determined by these other tracers, and that in consequence we have erred in our adopted values for the CF.
One possible scenario is that there is di use gas along the line of sight, meaning that the lefthand limits in Figs. 10 and 11 apply. In this case, we might be concerned that there is a signi cant quantity of gas at a low temperature, which would result in values of the correction factor in excess of what we have used. This does not seem to be very plausible, however, inasmuch as the low density (n H 2 3 10 2 cm ?3 ) material cannot be very cold (Goldsmith 1988 ). Cosmic While the appearances of the cloud in the two tracers is similar, we do see a suggestion of the the gas emission being more spatially extended than that of the dust. This is especially visible in the prominent clump at the end of the bar 4: 0 5 S of the central position. ray heating with standard abundances for important coolants yields temperatures of ' 15 K, and since fractional abundances may well be reduced in such imperfectly shielded regions, it is likely that the gas temperatures will be even higher. This e ect, combined with likely additional heating sources, suggests that we are not incurring a signi cant error from unrecognized low-density regions along the line of sight.
Another possibility is that the emission receives a signi cant contribution from very dense, warm material, such as might be found in very dense clumps, in protostellar regions, or in the immediate vicinity of embedded young stellar objects. The BN-KL object is an example of the latter, which is known to heat dust to 80 K over regions ' 1 0 in size (cf. Werner 1982) . In Fig. 16 we show the LTE column density correction factor, which as indicated in Figs. 10 and 11 is applicable for H 2 densities > 10 6 cm ?3 . We see that while the CF does increase linearly with temperature for T > 30 K, for the three lowest transitions observed, it only approximately doubles as the gas temperature increases from 50 K to 150 K. Consequently, there may be some dense, warm gas in the regions around the heating sources that we are not accounting for exactly, but under these conditions the C 18 O column density is underestimated by no more than a factor of two. Evidence for the e ects of more extreme localized heating is discussed in x4.2.
Dust Emission
An issue which plausibly a ects only the longestwavelength emission is a contribution by the freefree emission from HII regions along the line of sight. Low-frequency data on the sources we have observed suggest that this could be signicant for Orion. To assess this, we have used the 3.1 mm data obtained by Salter et al. (1989) .
These data were obtained at 28 00 resolution, very close to that of our 1100 m data, so that we performed a pixel by pixel subtraction. We assume that the 3.1 mm emission is entirely freefree radiation, and scale the ux density as ?0:1 (Mezger & Henderson 1967) . The peak ux den- Fig. 17 .| Integrated continuum ux densities in the Orion Molecular Cloud; below 300 GHz ( > 1 mm) the scaled free-free emission has been subtracted from the measurements. The data points that are not being presented for the rst time in this paper are indicated by S (Salter et al. 1989 ), M (Mezger, Wink, & Zylka 1990) , and W (Westbrook et al. 1976 ). sity in the 3.1 mm map is 7.6 Jy, while the total ux in a 9 0 square region is 207 Jy. We see from Table 2 that the peak 1100 m ux density is 98 Jy, while the integrated ux density in our map is 989 Jy. Since the free-free emission contributes only a few percent of the total emission at the dust peaks, and approximately 20 percent to the integrated ux, it is not surprising that subtracting the 3.1 mm emission (scaled by a factor 0.91) from the 1100 m emission does not signi cantly change the peak or total ux. The morphology of the emission is modi ed slightly due to the di erent spatial distribution of the ionized material and the dust, as can be seen by comparing has been used for all further analyses of the dust emission. The free-free emission is completely insigni cant for the shorter wavelengths, so we have omitted any free-free correction for these other data.
In Fig. 17 we present the integrated continuum ux density in the Orion Molecular Cloud at the three wavelengths we have observed. We also include other measurements taken from the literature. The free-free emission scaled from 3.1 mm wavelength has been subtracted from the 2 mm and 1100 m data. Fitting a linear curve to the data yields a best-t slope of 3.8. In the Rayleigh-Jeans limit, this corresponds to dust opacity varying as ( ) 1:8 . We conclude that our data are quite consistent with previous measurements in terms of overall calibration. To model accurately the dust emission from the bulk of the GMC cores, we cannot assume that we are in the Rayleigh-Jeans limit, since for 450 m, h =k = 32 K, quite comparable to the dust temperature. The analysis of dust emission on a position by position basis, taking into account the dust temperature, is disucssed in what follows and in section 3.3. In order to determine more accurately the dust optical depth, we have to make some assumption about the dust temperature. The simplest approach is to assume that the dust along a given line of sight is characterized by a single dust temperature. This is likely to be only a rst approximation, as a consequence of variations in dust properties and in the heating rate from IR and UV sources. Since the wavelengths at which we have observed are in, or not far from, the Rayleigh-Jeans limit, the optical depth varies approximately inversely with the dust temperature adopted. This sensitivity is su cient that determining the dust temperature remains a signi cant problem. It would be desirable to use a technique to determine the dust temperature distribution by combining submillimeter and infrared measurements (e.g. Xie, Goldsmith, & Zhou 1991 , Xie, Goldsmith, & Snell 1993 , Hobson & Padman 1994 , but the maps of our extended sources over the required range of wavelengths are not presently available.
An estimate of the dominant dust temperature can be obtained from ratio of maps made at two wavelengths in the mid-infrared region. Dust color temperature maps based on 50 m and 100 m emission are available for Orion by Werner (1982) , for M17 by Gatley et al. (1979) , and for Cepheus A by Colom e & Harvey (1995). These observations have approximately the 50 00 angular resolution of our data and cover the regions of the clouds that we have mapped. The problem with this method of determining the dust temperature is that relatively cool dust radiates so ine ciently at these wavelengths that it is essentially not sampled by these infrared measurements, or at least it has extremely low weighting. Thus, considering the entire line of sight through a molecular cloud probed by our longer-wavelength observations, the 50 m?100 m dust temperature will probably overestimate the average dust temperature.
Another way of determining the dust temperature is to assume that it is closely coupled to the gas temperature which, as discussed above, we can nd from observations of CH 3 CCH (Bergin et al. 1994 ). The dust temperature determined in this manner is typically a factor of two lower than from the 50 m?100 m dust color temperature. This ratio holds for all of the clouds and essentially for all positions mapped within the clouds. It is not implausible that the dust is warmer than the gas given that the dust is heated by absorption of UV, visible, and infrared energy produced by embedded sources (e.g. YSO's), as well as by external heating sources including the HII regions and their exciting sources. The dust temperature is determined primarily by the continuum radiative transfer, as collisions with gas are a minor perturbation, but for the gas, the energy transferred via gas-dust collisions is balanced by line radiation, thus determining the steady state gas temperature.
Despite the relatively high densities present in these GMC cores, it is not correct to assume that the gas and dust temperatures will be equal. Due to the rapid increase in gas cooling rates with temperature, it is not easy to make the gas temperature very close to that of warm dust. Using an accommodation coe cient equal to 0.3 obtained by Burke & Hollenbach (1983) and the gas cooling rate of Goldsmith & Langer (1978) , there can be substantial di erences between the dust and gas temperatures, even at H 2 densities above 10 5 cm ?3 . For example, if the dust is at a temperature of 90 K, and the H 2 density is 10 6 cm ?3 , the gas temperature will be close to 40 K. Thus, it is reasonable for the gas and dust temperatures to track each other in dense regions, but we cannot to expect them to be identical.
Given this situation, we choose to employ an empirical approach, and adopt for each position in our maps a single dust temperature, T dust , which is the mean of the gas temperature and the 50 m?100 m color temperature. Our reasoning is that there is likely a considerable quantity of dust at temperatures below that revealed by the 50 m?100 m ratio, but which should still be somewhat warmer than the gas temperature in the dense, well-shielded regions of these clouds. We cannot rigorously justify using this mean value, but we feel that it should give a better approximation to the e ective dust temperature along the line of sight for use in determining the dust opacity and column density.
The dust temperatures derived in this fashion will vary with position based on a pixel by pixel average of the 50 m?100 m color temperature and the gas temperatures determined via CH 3 CCH. The dust temperature, like the gas temperature (Section 3.1), is greatest near the known star forming sites and decreases with distance away from the heating sources. In Orion, for example, the dust temperature derived from this average will be 75 K at BN-KL and decline to 40 K at positions 4 0 north and south. In M17 the assumed dust temperature is 65 K near the interface and only 30 K a few arc-minutes deeper in the cloud. Finally in Cepheus A the estimated dust temperatures are typically 40 K near the embedded UC H II regions and 25 K at the edges of the dense core.
With the assumptions of a single dust temperature characterizing each line of sight and of optically thin dust emission, the dust optical depth is determined from the expression for the ux density produced by the dust emission S (dust) = B (T dust ) (dust) a ; (3) where B (T dust ) is the Planck function at observed frequency and dust temperature T dust , and we have assumed that the emission lls the solid angel subtended by the antenna beam, a . If this is not the case the optical depth must be considered to be the beam?averaged value. In Table 4 we give the peak C 18 O column densities and dust opacities for each source. In Figs. 13, 14 , and 15 we show the maps of the C 18 O column densities and 790 m dust opacities for each source. The dust emission and hence optical depth has been convolved to the same 50 00 angular resolution as employed for the C 18 O.
The submillimeter optical depth of these clouds is generally considerably less than unity, as indicated by results in Table 4 and Figs. 13, 14 , and 15. However, these values do apply to the 50 00 beam size, and it is the case that optical depths comparable to, or greater than unity, may characterize the embedded sources on an angular(r scale of a few arcseconds, as indicated by the results of Wright et al. 1992 . The broadband submillimeter emission from the very centers of the GMC's may be signi cantly a ected by spectral line emission from a variety of molecular species (e.g. Sutton et al. 1984) . Emission from relatively exotic species is possibly important only for certain embedded sources. For example, 60% of total ux comes from spectral line emission in Orion-KL but only 10% in Orion-S, at 870 m wavelength (Groesbeck 1994) . Note also that spectral line emission, when averaged over a suitably large frequency interval, is also characterized by a value of which, while dependent on the combination of the spectra of many species, excitation conditions, as well as optical depth e ects, is plausibly between 1 and 3. Even a thermalized, optically thick species such as 12 CO with lines regularly spaced in frequency, has = 1 due to the increased width (in Hz) of successive lines of equal velocity width.
Subthermally excited species typically will have between 2 and 3 in the frequency range of interest. Thus, a modest contribution from spectral lines will not dramatically a ect the determination of for the dust emission. Given the very small size of the region having very strong spectral line emission (e.g. Orion-KL) with respect to the total area mapped, it is likely that the contribution to the continuum ux from spectral lines is at most 10% for the majority of positions.
Spectral Index of Submillimeter Wavelength Dust Emission
Having obtained the dust opacities for the Orion Molecular Cloud, we can determine the spectral index of the dust opacity, de ned in the show any systematic trend indicative of a frequency dependence of .
In Fig. 18 we compare the dust optical depth at the two extreme wavelengths. The general correlation is quite good, and the average slope of the log?log plot is close to unity. The average slope of a linear curve tted between log (1100 m] = -3.1 and -2.2 is nearly 1.0, while points at lower are tted by a line with a slope ' 1.4.
The points at the larger values of again appear to be linearly related, but with a slight o set.
Another way to look at the possible variation of is to examine how the spectral index of the dust emission varies as a function of position within the cloud. One way to do this is to investigate the dependence of on the dust optical depth, which we do in Fig. 19 with (1100 m) as an independent variable. We see that there is a suggestion of a drop in the value of as the optical depth increases. Its signi cance depends on the uncertainty associated with the data points. Solely from the measurement uncertainty (that is, ignoring errors produced by the assumption of a single dust temperature), The 1100 m data has a peak signal to rms noise ratio of approximately 200, while for the 450 m data the corresponding ratio is approximately 100. Thus, neglecting calibration and analysis errors, the rms uncertainty in for an individual point near the column density maximum is approximately 0.013. In Fig. 19 we have restricted the points to those with optical depth within a factor of 10 of the maximum, so that the uncertainty in for an individual point at the lower limit of column density is approximately 0.13. The mean value of for positions with (1100 m) below 0.005 is 2.4, while that for the positions with optical depth greater than this value is 1.9. There is a fairly clear evidence for a statistically signi cant drop in going from the less dense to denser regions.
Using equation 3, if we assume we are in the Rayleigh-Jeans limit, the measured dust ux at two frequencies 1 and 2 , S 1 and S 2 , respectively, yields for the spectral index of the optical depth = ln(S 2 =S 1 ) ln( 2 = 1 ) ? 2:
The Rayleigh-Jeans limit is equivalent to assumption of an in nite dust temperature. If we now consider what happens with a nite value for T dust , we nd that that as the dust temperature is reduced, the value of found for a given observed ux ratio increases. If we assume equivalent temperatures for the two wavelengths observed given by T 1 = h 1 =k and T 2 = h 2 =k, we nd that the change in is given by ?1:
(7) From equation 7 we see that the e ect of the exact value of the dust temperature on the value of determined is relatively modest. If we use the 50 m-100 m dust temperature rather than the average temperature, the best t exponent decreases by 0.05. Only if we go to extremely low dust temperatures, for which the 450 m emission is well out of the Rayleigh{Jeans limit, does the value of change appreciably. If we reduce all temperatures by a factor of four (meaning that they mostly lie in the range 10 K -25 K, the value of increases by approximately 0.4. There is no evidence for such low temperatures in this region, so that we are con dent that the question of the dust temperature does not contribute to the di erence in between the high-column density regions (which are also those with the highest average volume densities and temperatures) and the less dense regions of the Orion Molecular Cloud.
Equation 7 also explains the di erence in the value of found from data for the entire cloud, shown in Table 2 and Fig. 17 , and that found on a position by position basis using our estimate for the dust temperature, described above. From the 450 m and 1100 m data for the Orion Molecular Cloud given in Table 2 (corrected for the free-free emission), we derive a value of equal to 1.6. From equation 7 we nd = 0.23, 0.4, and 0.5 for T dust = 50K, 30K, and 25K, respectively. Thus, we see that the increase in as we move to the range of dust temperatures expected to characterize the bulk of the Orion GMC core explains the results of the more detailed analysis compared to that expected in the Rayleigh-Jeans limit, and also con rms the necessity of having a good estimate of the dust temperature in order to determine both the spectral index as well as the optical depth of the dust emission. The issue of the long-wavelength spectral index of the dust opacity is an interesting and important one, inasmuch as it a ects scaling of dust emission from one wavelength to another, bears strongly on the determination of cloud masses from observation of the radiation from the dust grains, and may give information on the evolutionary history of the dust grains. The\classical" viewpoint has been that dust grains in the limit a (the dust grain radius) and with resonances at wavelengths much shorter than those of the observations, should have opacity varying as 2 (Gezari, Joyce, & Simon 1973) . This has been supported by, for example, the calculations of Knacke & Thompson (1973) , Draine & Lee (1984) , (see also Draine 1990), Mathis & Whiffen (1989) , Kr ugel & Siebenmorgen (1994) , and adopted in the models used by, e.g., Hildebrand (1983) , Mezger, Wink, & Zylka (1990) , and Gordon (1995) . In Table 5 we collect a representative sample of the results from various studies of interstellar grains at submillimeter wavelengths. Because of the large number of such studies the information compiled in Table 5 is meant to illustrate the range of values inferred as opposed The data are presented in linear form in the left hand panel, and in log-log format in the right hand panel. The data included here have been restricted to those points having ux density greater than 0.05 times the maximum at each wavelength. to providing a comprehensive summary.
The main categories of models with emissivity varying faster than 2 are certain calculations of core-mantle grains for which emissivity is predicted to vary as rapidly as 3 (cf. Aannestad 1975) , and size e ects that enter for relatively large grains. In the latter case (cf. Miyake & Nakagawa 1993) relatively large grains (which can be the large-grain-size tail of a standard grain size distribution) exhibit absorption peaks in the far infrared which result in at millimeter and submillimeter wavelengths somewhat in excess of 2.
A number of dust grain models suggest that the wavelength dependence of the far-IR/submm. opacity is less steep than = 2. This can be a consequence of amorphous rather than crystalline grain structure (Seki & Yamamoto 1980; Pollack et al. 1994) , planar (Tielens and Allamandola 1987; Preibisch et al. 1993 ), or fractal (Wright 1987) structure. All of these models predict values of less than 1.5, while ' 1 can be obtained for the wavelengths of interest to us here.
Observational data are not lacking, but interpretation is complicated by the e ects of varying dust temperature, and small-scale source structure, to mention only two potential issues. The analyses of millimeter and submillimeter emission from molecular clouds have found spectral indices between ' 1.5 (Walker, Adams, & Lada 1990 ) and 2.0 (Gordon 1988; Wright et al. 1992 ). Gordon 1990 found the integrated emission from both the Cepheus A and Cepheus B molecular clouds to be characterized by = 2.2. Examples of values of considerably in excess of 2 can also be found (Schwartz 1982; Wilson, Mehringer, & Dickel 1995; Kuan, Mehringer, & Snyder 1996) . A few studies of dense clouds have yielded spectral indices 1.0 (Gordon 1988; Woody et al. 1989; Oldham et al. 1994; Blake et al. 1996 ), but it is primarily observations of disks of gas and dust around young stars that indicate generally lower values of (Beckwith et al. 1990) ? sometimes less than 1 (Chandler et al. 1995) , and often between 1 and 2 (Keene & Masson 1990; Beckwith & Sargent 1991; Mundy et al. 1993; Koerner, Sargent, & Beckwith 1993; Ohashi et al. 1996) . One interpretation is that this is evidence for grain growth in these dense regions (Mannings & Emerson 1994) , an hypothesis that has been invoked to explain differences in total to selective extinction variations as well as increases in the wavelength of maximum optical polarization (cf. Carrasco, Strom, & Strom 1973; Strom et al. 1975 ). It should be pointed out, however, that these observations do not speci cally address regions with column and volume densities as great as we are dealing with here. A previous submillimeter continuum study of the Oph A cloud (Andr e, Ward-Thompson, & Barsony 1993) found a typical value of equal to 1.5, but attributed changes in observed ux ratios to temperature variations. Without appropriate temperature data, the authors could not be conclusive on this issue.
Uncertainties in grain composition and structure make detailed modeling of grain properties at submillimeter wavelengths problematic at best. Given di culties of modeling emission with a single grain temperature, we must be cautious in insisting on overly precise agreement between theory and data. We observe somewhat greater than 2.0 in the general Orion ridge, as indicated in the left hand side of Fig. 19 . The low emission and consequent uncertainty in determination of the spectral index of dust emission from the outer parts of the Orion Molecular Cloud, together with the possible error introduced by the assumption of a single dust temperature suggest some caution in interpreting the change in suggested by Fig. 19 . However, given the fact that the material along the line of sight to the dense ridge and embedded sources also includes a signi cant quantity of less dense material, the reduction in from ' 2.4 to ' 1.9 suggests a significant change in the grain properties as one moves from material of average density of a few times 10 4 cm ?3 to a density ' 10 6 cm ?3 . The various models with di erent grain sizes and size distributions studied by Miyake & Nakagawa (1993) do show that when grain size distribution is truncated at relatively small maximum radius ( 1 mm) is somewhat in excess of 2, but when the cuto radius is increased to 1 cm, its value drops to somewhat below 2. Thus, we can say that our data are consistent with this modeling of a changing grain size distribution, in the sense that including larger-sized grains in the regions of greater density produces an e ect similar to that which we observe. The result is shown in Fig. 20 . There are a number of general points that should rst be made. First, since we are using a log-log scale, the increased scatter at lower left corner may be understood in terms of the statistical uncertainties in the data, although we have eliminated the points with values of dust 2.5 x 10 ?4 for Orion, 4.3 x 10 ?5 for M17, and 1.8 x 10 ?5 for Cepheus A. Points located in the central portion of the Orion ridge that are included in the gure are denoted by an x inside the locating box. The issue of the e ect of embedded heating sources located in the ridge will be discussed below.
We note immediately that: (i) the correlation between gas column density and dust optical depth for each source is quite clear and that the slope is close to unity, (ii) the gas to dust ratio in the M17 and Cepheus clouds is quite similar, with the points observed in M17 appear to be an extension to higher column densities of those in Cepheus A, but (iii) the gas to dust ratio in the Orion Molecular Cloud core appears to be noticeably di erent from those in the other two cores that we have studied.
The best t results obtained ignoring the highOrion Molecular Cloud points are given in Table 6. It is di cult to assign an error to the values, but there seems little doubt that the C 18 O column density to 790 m dust optical depth ratio is a factor of ' 3 less in Orion than in M17 and Cepheus A. There does appear to be more variation within the Orion Molecular Cloud than in the other two sources; this may be in part a result of the very intense sources within this region, discussed further in Section 4.2.
Unfortunately, we do not have su cient independent information to assess whether a di erence in the emissivity per unit dust mass may be the explanation for the apparent di erence in the gas column density to dust opacity ratio between Orion and the other two GMC cores. We are thus unable to distinguish between this situation, and a real change in the gas to dust ratio. Another possible explanation is that the C 18 O column density to dust ratio is a ected by partially ionized material along the line of sight.
The C 18 O column density per unit dust opacity in the ionized or partially-ionized (PDR) material is plausibly less than in the molecular cloud. However, there is essentially negligible ionization at the \radical ion peak" position a few minutes of arc North of the central position in Orion, while the PDR is largely con ned to the central and southern parts of the cloud, As seen in Figure  20 , the data indicate that the material throughout the entire Orion GMC core is characterized by N(C 18 O )/ dust apparently quite distinct from that found in the other sources. Thus, dilution of molecular with partially ionized material does not seem to be a satisfactory explanation of the di erence observed.
E ect of Embedded Sources
Information about the possible e ect of embedded sources can be obtained by considering the gas column density to dust opacity ratio as a function of position within the cloud cores. One way to do this is to make one-dimensional cuts through the sources; Fig. 21 shows plots of this type. We see that the three sources are quite di erent in this regard.
The Cepheus A Molecular Cloud appears relatively symmetric, and has an embedded source of luminosity L ' 2.5 x 10 4 L located close to the center (Colom e & Harvey 1995). The models of the dust temperature distribution that have been developed consequently have a relatively large radial temperature gradient. The C 18 O column density to dust optical depth ratio does show a modest, systematic, factor of ' 4 edge-to-center variation. This explains part of the apparent scatter in the Cepheus A C 18 O versus dust comparison that can be seen in Fig. 20 .
The C 18 O column density to dust optical depth ratio in M17 shows only slight variation with position, with a small increase as one moves deeper into the cloud (more negative R.A.). The primary heating is from the HII region external to the molecular cloud, and despite the large gradients in temperature (which peaks at the heated edge of the region, cf. Bergin et al. 1994; Gatley et al. 1979) there is a factor of 2 variation in the C 18 O column density to dust optical depth ratio over the region that the C 18 O is detectable.
The Orion Molecular Cloud has prominent embedded sources within the area that we have mapped. The most luminous is the well-known KL source with luminosity L ' 10 5 L . A second, lower luminosity source is located approximately 1: 0 5 south of KL, with L ' 8 x 10 3 L (Drapatz et al. 1983) , which is generally called Orion S. The situation in Orion is shown more clearly in Fig. 22 , which plots the north-south Fig. 21 .| The ratio of gas column density to dust opacity as a function of position along a cut through each of the cloud cores studied. All coordinates are in arc minutes relative to the central positions of the sources given in Figs. 1 -3 . In Orion and Cepheus A, the cuts are in declination through the point = 0: 0 0. In M 17 the cut runs from position ( , ) = (0: 0 00, 0: 0 84) to ( , ) = (-3: 0 36, -2: 0 52). Fig. 22 .| Gas to dust ratio along the same cut in Orion as in previous gure, but at original (' 30 00 ) angular resolution. The gas to dust ratio is indicated by the lled circles on the scale on the left axis. The broken line indicates the gas column density, and the solid line gives the reciprocal of the dust column density, both plotted with appropriate o sets and scaling factors. The two embedded sources ? Orion KL at = 0: 0 0 and Orion S at = -1: 0 5, respectively, stand out clearly as locations where the ratio takes a signi cant drop compared to its value in the bulk of the cloud core. . To obtain the C 18 O column density, we used only the J = 2 ! 1 data, and assumed LTE at the temperature obtained from the CH3CCH as described above. Inspection of Fig. 22 reveals that the C 18 O column density to dust optical depth ratio drops by a factor of 3 to 4 at the locations of both KL ( = 0: 0 0) and Orion S ( = ?1: 0 5). This e ect is localized to the vicinities of these two embedded sources. Aside from the change in the gas to dust ratio in the immediate vicinities of the embedded sources, the Orion cut does not show much variation, with a somewhat greater value (by a factor ' 2) in the southern part of the map (where the bar feature is located) compared to the value 3 0 to 4 0 north of KL, which is the location of the relatively quiescent radical-ion peak. Note that the change in the ratio close to the sources appears to be a quite distinct issue from that of why the overall Orion Molecular Cloud C 18 O column density to dust opacity ratio is di erent from that of the other two sources included in our study. An important question is whether the changes in the C 18 O column density to dust optical depth ratio that we infer in the regions surrounding embedded sources are real, in the sense of re ecting a changed gas to dust ratio or dust properties, or are artifacts of our conversion of intensities to gas and dust optical depths. In this regard, it is critical that the embedded sources do produce localized heating resulting in gas temperatures which are considerably enhanced over what we see using general tracers, e.g. 12 CO , CH 3 CCH, and which are not re ected in the temperatures used in the present study. Part of the issue is that the temperature enhancement is restricted to a relatively small region, which is signi cantly beam{diluted in the 50 00 beam used for the analysis in this paper (and even the 30 00 beam used in Figure 22 ). However, this does not mean that there is not a signi cant quantity of gas and dust at much higher temperature included in the data obtained looking to Orion KL, Orion S, and central Cepheus A positions. The gas temperatures close to the embedded sources can certainly be far higher than those used in the general analysis presented above. In Orion, the warmest gas near KL appears to be associated with the hot core and the southern ridge, where gas temperatures at least 120 -170 K, and quite plausibly 250 K, are observed from studies of CH 3 CN by Wilner, Wright, & Plambeck (1994) . Comparable temperatures have been inferred from observations of other temperature tracers, including HC 3 N (Wright, Plambeck & Wilner 1996) and NH 3 (Hermesen et al. 1988 ). The relatively high densities n(H 2 ) 10 6 cm ?3 characterizing the small regions such as the hot core (angular size ' 10 00 ) indicate that the gas and dust temperatures will be fairly well coupled in these regions. Somewhat less extreme conditions characterize Orion S (cf. McMullin, Mundy, & Blake 1993) , with ammonia data suggesting a temperature of 50 ? 100 K when observed in lines up to (J,K) = (4,4) (Batrla et al.
1983), while T > 270 K over a region inferred to be 7 00 in angular size is found when the (7,7) line is observed as well (Mauersberger et al. 1986) .
What e ect will the presence of high gas and dust temperatures have on our determination of the gas to dust ratio? It is evident from Fig. 16 that an increased temperature results in a larger correction factor even when all three of the lowest transitions have been observed. The increase is fortunately somewhat less rapid than a linear function of the actual temperature compared to that used for calculations, however. The CF and hence the derived total C 18 O column density increases only by about a factor of 2 as the temperature increases by a factor of 3 from the ' 70 K used for the warmest parts of the Orion Molecular Cloud to the ' 200 K that may characterize the surroundings of the embedded sources. The e ect on the dust opacity is essentially the opposite, inasmuch as equation 3 in the RayleighJeans limit yields a dust opacity inversely proportional to the assumed dust temperature. Thus, for the hot embedded material, a temperature a factor of 3 higher than that of the ambient cloud will produce a C 18 O to dust opacity ratio approximately a factor of six lower than that obtained by assuming that the temperature of the surrounding cloud material obtains! This is plausibly the explanation for the dips seen in Figs. 21 and 22 at the locations of the embedded sources, when beam dilution is appropriately accounted for.
The issue of the temperature of embedded sources is obviously a critical one for the determination of masses of the condensations either from gas or dust observations, and may be responsible in part for the apparent large variations in the gas to dust ratio claimed for some dense condensations (cf. Mezger et al. 1988 , Minchin, Ward-Thompson, & White 1995 . An alternative explanation is that the gas to dust ratio is changing in the vicinity of the embedded sources in the sense that there is additional dust per unit gas in those regions. This would not be unreasonable in principle as the depletion of C 18 O might be thought to be less in the warm gas surrounding the heating source than in the general molecular cloud core. However, this explanation appears unlikely, given the fact that chemical modeling studies have shown that for T dust 20 K, the fraction of CO depleted onto dust grain surfaces is very small (and essentially independent of dust temperature, cf. L eger 1983, Bergin, Langer, & Goldsmith 1995 , Aikawa et al. 1996 , and the dust and gas temperatures throughout the Orion Molecular Cloud are almost certainly in excess of this value (cf. x3.3). Table 7 . The line parameters of the narrow component of the the C 18 O J = 3 ! 2 line correspond quite well to those of the ridge feature extending from Orion KL to the north. The broad component is not immediately identi able with the hot core feature (which is characterized by lower central velocity cf. Wilner, Wright, & Plambeck 1994) , but agrees somewhat better with the broad velocity component of the southern ridge feature. This kinematic feature does not appear to be clearly spatially distinct from the hot core in the data of Wilner, Wright, & Plambeck (1994) , but H 2 CO mapped in the velocity range 5.7 to 10.2 km s ?1 shows a very clear feature approximately 15 00 in size (Mangum, Wooten, & Plam-beck 1993) . If we take a temperature of 200 K as suggested by the CH 3 CN data (Wilner, Wright, & Plambeck 1994) , the broad velocity component in Table 7 8 10 5 cm ?3 . This is high enough to justify the assumption of LTE. It is quite close to the density derived by Mangum, Wooten, & Plambeck (1993) from multitransition H 2 CO observations of 3 10 5 cm ?3 , which again suggests that there is no major change in the C 18 O fractional abundance in these dense, quite warm regions, compared to the overall cloud cores.
Mass Column Density, 790 m Dust
Opacity, and C 18 O Column Density A quantity which is often calculated for different models of interstellar dust grains is K, the ratio of the dust optical depth to the total interstellar mass per unit area. With this de nition, the units of K are cm 2 g ?1 . K varies with frequency or wavelength as does the dust optical depth parameterized by discussed above. For analysis of cloud properties in terms of observations of interstellar dust emission at millimeterto-far infrared wavelengths, the reciprocal quantity, the mass column density per unit grain optical depth, is most directly useful, and we see this is just given by K ?1 . This is the quantity C (g cm ?2 ) used by Hildebrand (1983) . The dust optical depth at wavelength can be expressed (Wilson, Mehringer, & Dickel 1995) . Given the dust temperatures that characterize the warm cores in this study grain depletion of CO should not be signicant (cf. we nd using the values of G from Table 6 that K(790 m) is equal to 0.011 for M17 and Cepheus A, and is equal to 0.035 for the Orion Molecular Cloud.
A given theoretical value of K involves not only the calculation of the properties of a dust grain having a particular structure, but also the mass fraction in grains of that type. Thus, agreement between theoretical and experimental values of K does not validate in detail a speci c grain model, and vice versa. In Table 5 we compile a representative sample of K values that have been derived from various studies of interstellar grains at submillimeter wavelengths. In Table 5 it does appear that certain models for grains are not consistent with our results for Given the uncertainties in the measurements and the free parameters in the theoretical models, the general agreement here among the various theories treating composite, u y/porous grains having a distribution of sizes, and the reasonable consistency with our observational results is encouraging. It suggests that while we do not yet have a precise picture of grain structure, we can use grain properties for quantitatively tracing the structure of dense interstellar clouds with reasonable con dence, subject to the uncertainties and variations discussed above. Table 8 , which also gives in the second column the assumed source distances and in the third column the size of the C 18 O?emitting region (in RA and dec).
The cloud core masses (including a factor of 1.3 correction for He) are given in column ve. The sixth column gives the mean molecular hydrogen density, obtained from the C 18 O column density, the fractional abundance X(C 18 O ) = 1.7x10 ?7 , and a line of sight dimension equal to the geometric mean of the two dimensions on the plane of the sky.
Virial Equilibrium
An estimate of the mean cloud core densities can be obtained from the assumption that these regions are in virial equilibrium. We will take only the simplest case and consider the balance between gravity and gas motion. Since we have an optically thin tracer with relatively constant abundance, we can obtain a good determination of the line width, and from this determine the velocity dispersion and the virial mass (cf. Dickman & Clemens 1983) . The results are given in Table 9 , together with the mean cloud core densities implied by the virial mass. For a density law of the form n H 2 (r) / r ? for < 3, equating the magnitude of the gravitational potential energy to twice the magnitude of the kinetic energy inferred from the line width yields 
We have taken an e ective radius R equal to one half the square root of the product of the two mapped cloud dimensions and assumed a n H 2 (r) / r ?1 ( = 1) density pro le.
Given that these clouds do not appear to be highly asymmetric, and there is evidence for only moderate inhomogeneities, this simple mass estimate should not be more than a factor of a few in error. We see that the virial masses and derived mean densities are in impressively good agreement with the quantities obtained from the C 18 O column density and assumed fractional abundance in Table 8 -almost exactly equal for Orion and Cepheus A, and within a factor less than 3 for M17. The di erences are easily within the errors that would be produced for irregular shapes, asymmetric mass distributions, and column density determinations based on a single temperature along the line of sight. However, our con dence in the C 18 O fractional abundance and the general agreement certainly supports the idea that these cores are relatively close to virial equilibrium.
Cloud Core Densities and Filling Factor
As indicated by the results of the Section 5.2, we feel that the mean H 2 densities in these Giant Molecular Cloud Cores based on column density and abundance as well as virial arguments are in the range 10 4 and 10 5 H 2 cm ?3 . These results are between one and two orders of magnitude below those derived from multi-transition excitation analyses (cf. Snell et al. 1994 , Mundy et al. 1986 , Mundy et al. 1987 , Bergin et al. 1996 . The apparent contradiction between the present results and those from excitation analyses can best be reconciled by a very low average lling factor for the high-density (n(H 2 ) ' 10 5 -10 6 H 2 cm ?3 ) gas, as suggested in studies cited above, as well as by Stutzki & G usten and reviewed by Goldsmith (1996) . The volume lling factor of the high density material may well be close to unity in the central part of the cloud core, we can determine with reasonable accuracy that the masses of these cores are 580 M , 11,500 M , and 500 M , for Orion, M17, and Cepheus A, respectively. The mean H 2 densities are 3 to 5 10 4 cm ?3 .
(3) Based on average measured line widths of 3.3 to 4.8 km s ?1 and a C 18 O fractional abundance relative to H 2 of 1.7 10 ?7 , we nd that the cores of these Giant Molecular Clouds are close to virial equilibrium. Since the average densities determined from these C 18 O densities are 1 to 2 orders of magnitude less than those found from multitransition studies of \high density" tracers, the present results support models in which the lling factor of the dense ( 10 5 cm ?3 ) gas is quite low.
(4) The grain temperature is a necessary critical parameter for determining the dust column density. By adopting a grain temperature between that of the gas traced by CH 3 CCH, a thermometer which probes the densest, most shielded material and the infrared dust color temperature, we feel that we have a reasonable approach for analyzing our data. The one exception is embedded sources which produce extremely localized heated dust unrecognized by tracers generally used, which results in turn in an overestimate of the dust optical depth. In conjunction with the gas temperature errors discussed in (1) which yield an underestimate of the gas column density, we nd an apparent, but erroneous, drop in the gas to dust ratio at these positions.
(5) The spectral index of the dust emissivity in the Orion Molecular Cloud between 1100 m and 450 m is = 2.4 for the less dense parts of the core, and = 1.9 for the part of the cloud comprising the dense ridge and the immediate surroundings of the embedded infrared sources. While we must regard the di erence with some caution, it is suggestive of a change in grain properties between these regions. There is evidence for relatively high density material throughout this Giant Molecular Cloud Core (cf. Bergin et al. 1996) ,but the average volume density increases in the central regions, so that the change in grain properties is consistent with grain growth at higher densities.
(6) The dust and gas emission are generally highly correlated, but the relationship is not the same for all sources. Two of the sources studied, M17 and Cepheus A, follow the same rule with log N(C 18 O )/ 790 m (dust)] = 18.8. The third source, Orion, has a gas to dust ratio a factor of 3 lower. We do not feel that the e ect of ionized gas along the line of sight can explain the di erence between Orion and the other two sources. The di erence is due either to a real di erence in the gas to dust ratio, or else to a di erence in the dust emissivity per unit mass. The ratio of C 18 O column density to dust opacity is substantially constant throughout each individual cloud, although certain trends are evident. The ratio decreases in the immediate vicinity of the embedded sources in Orion and Cepheus A, but also shows a factor of approximately 3 larger value towards the radical ion peak in Orion than it does in the bar region. In M17, there is a factor ' 3 variation from the directions towards the HII region where the C 18 O becomes detectable, to the center of the dense cloud core.
(7) The coe cient of dust optical depth per unit mass column density is equal to 0.0062 cm 2 g ?1 for M17 and Cepheus A, and is equal to 0.020 cm 2 g ?1 for Orion. These values are in the range of the predictions for inhomogeneous composite grains. An important con rmation of the approach used here for determining the molecular column density will be the measurement of a number of the higher-J C 18 O transitions. Future improvement in this work will be achieved by using more realistic temperature pro les, particularly for the dust emission.
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